. Zeeko IRP600X computer-controlled polishing machine (left). The polishing arm of the machine with the "bonnet" tool installed inside a plastic shell (right). 
INTRODUCTION
Marshall Space Flight Center (MSFC) is developing a method of direct fabrication for high resolution full-shell x-ray optics [1] . This technique capitalizes on the traditional optical fabrication technique used for the development of the Chandra Optics [2] , i.e. the inner surface of full-shell x-ray optics is figured and polished directly. The full shells have good stiffness that permit the reduction of the shell thickness compared to Chandra mirrors if the mirror shell backing support structure is used during the x-ray mirror shell fabrication. With this, the mirror substrate deflections and the stresses in the substrate material can be kept low [3] . The technique has the potential to preserve the Chandra angular resolution while reducing the weight of the mirror assembly and permitting tight nesting of thin mirror shells to increase the high effective area of a telescope. The use of full-shell x-ray mirrors also simplifies the alignment of optics compared to segmented x-ray mirrors systems. The slope difference between the secondary and primary mirror surfaces typically has the tightest requirement on alignment accuracy. So, the complexity and accuracy requirements for alignment increase with the degree of segmentation of the mirror system. A full-shell x-ray optic that is monolithicwith primary and secondary reflecting surfaces on the same substrate-has the simplest and least demanding alignment requirements. Somewhat more complex and demanding are alignment requirements for a full-shell two-stage (separate primary and secondary mirrors) x-ray optic. For segmented x-ray optics, the alignment of each secondary to its corresponding primary azimuthal segment must precisely achieve the prescribed slope difference, as the fabrication of the mirror segments does not address the slope of the reflecting surface. In addition, the less complex support system for full shell optics, which are also inherently stiff, results in a lighter weight for the support structure (resulting in more mass available for mirror shells) and in less geometric obscuration compared with segmented approaches.
The method of direct x-ray optics fabrication from fused silica mirror shells has been pioneered in the Astronomical Observatory of Brera, Italy [4] . The MSFC pursues a similar approach, to fabricate high resolution x-ray optics from metal shell substrates. The use of metal substrates would permit fast production rates through use of a diamond turning and a computer-controlled polishing machines and hence, lead to cost reduction for production of x-ray optics for future astrophysics missions. A Zeeko IRP600X computer-controlled polishing machine utilized for this development at the MSFC is shown in figure 1 . The full-shell mirror thickness can be reduces compared to the Chandra optics by an order of magnitude (to a few millimeters) through the use of optics blocking fixtures described in [1] . Examples of the full-shell mirror substrates suitable for the direct fabrication are shown in figure 2.
Based on the Chandra optics fabrication history about one third of the manufacturing time is spent on moving a mirror between fabrication and metrology sites, reinstallation and alignment with either the metrology or fabrication instruments. Also, the accuracy of the alignment significantly affects the ultimate accuracy of the resulting mirrors. In order to achieve higher convergence rate it is highly desirable to have a metrology technique capable of in situ surface figure measurements of the optics under fabrication, so the overall fabrication costs would be greatly reduced while removing the surface errors due to the re-alignment necessary after each metrology cycle during the fabrication. Moreover, the metrology will be performed for the mirror in the exact fabrication configuration so the working precision of the metrology will be improved and the possibility of damaging the delicate mirror during transfer, installation, and re-alignment processes is removed Mirror Shell Support Structure Camera Figure 3 . A schematic of the phase measuring deflectometry (PMD) method. A camera (4) observes the fringe pattern generated by computer (1) on a monitor (2) and reflected from the specular surface under the test (3). The observed fringe pattern is distorted. The figure of the surface can be derived from the distorted pattern. As can be seen, the observation angle does not have to be normal to the surface under the test Figure 4 . Schematic of the in situ PMD measurement of the axial surface profiles for full-shell x-ray optics. The mirror shell would be installed on the support structure that permit the camera to observe the reflection of fringe pattern generated on monitor.
IN SITU METROLOGY OF FULL-SHELL X-RAY OPTICS
One possible technique for in situ metrology is phase-measuring deflectometry (PMD) [5, 6] . The schematic of the PMD technique is shown in figure 3 . The concept here is as follows: a perfect fringe pattern displayed by a monitor is observed by a camera after refection from the surface under the test. Deviations from perfect spacing of the observed fringe pattern measured at multiple phases then provides an unambiguous measurement of deviations in the slope of the mirror surface from its ideal shape. The use of the technique for in-situ metrology of the directly fabricated mirror shells would require the for both polishing and metrology. One of the advantages of the deflectometry is that it does not require the incidence (observation) angle to be normal to the test surface for the measurements, so the fringe pattern monitor and the camera can be positioned outside of the full shell under test. Moreover, it does not require perfect positioning of the surface under test in the measuring system, so it can be adapted for in-situ measurements in a manufacturing environment.
An alternative approach for in situ metrology is the integration of a displacement sensors to the robotic arm of the Zeeko machine to permit the sensor to travel along the surface being processed. These commercially available sensors are capable of a few nanometer resolution. They are relatively inexpensive, so several sensors can be integrated together to increase the coverage of the surface under the test and to reduce the acquisition time. However, currently we focus on the development of the PMD approach for in situ surface figure.
A schematic of possible full shell mirror arrangement for PMD measurement is shown in Figure 4 . The mirror support structure with the mirror shell installed would be placed on the rotary table of the computer controlled polishing machine and the monitor and the camera of the deflectometer would be positioned outside of the polishing machine on a rigid structure and aligned with the mirror shell. A full surface figure map will be collected by stitching the multiple strips of axial profiles measured while the mirror shell rotates. The shell circularity data necessary for stitching will be collected by non-contact proximity sensors (not shown on the figure) at different height positions of the mirror shell. For a polishing run the polishing machine doors will be closed to protect the deflectometer elements from contamination with polishing slurry. After polishing run is completed the doors will be open so the PMD measurement of the mirror shell surface profile can be performed.
Deflectometry has several advantageous properties -it is relatively insensitive to vibrations, and immune to trace errors and has no coherent noise. It is also very fast, as it does not involve mechanical scanning, so that many data sets can be averaged to reduce any random noise. It has been demonstrated that the PMD method is capable of nanometer resolution [7] , can be used for metrology of x-ray mirrors [8, 9, 10] and the technique is forgiving of the quality of the surface under the test, so that it has been used directly on diamond turned surfaces [11] . However, deflectometry methods measure the surface slope, so they are prone to calibration errors because of the need to convert the surface slope into the surface height data needed for optics figuring. These errors are governed by the precision of the slope-to-height conversion factor measured during the PMD instrument calibration.
STATUS OF THE DEFLEFCTOMETER DEVELOPMENT
A PMD breadboard has been assembled, as shown in Figure 4 . The surface spatial wavelengths resolution of the deflectometry technique depends on the lens used and the distance between the surface under the test and the camera, but ideally the surface figure metrology technique should be capable of resolving low-and mid-spatialfrequency errors. It is expected that the final system will consist of multiple cameras to cover the spatial low-and mid-spatialfrequencies across of all the 200 mm of a mirror shell under test. For initial development we use three 4k cameras (Panasonic DMC-GH4-YAGH Lumix DMC-GH4 4K Micro Four Thirds Digital Camera with DMW-YAGH 4K Video Interface) mounted on stages. The positions of the cameras relative to the surface under the test can be varied. The camera pixel size is relatively small -3.6 micron, so the higher spatial frequency resolution is expected with possibly higher electron noise. In deflectometry the sine fringe pattern generated on the monitor is reflected by the surface under the test and observed and recorded by the camera. The data processing includes the recovering of phase information by the phase shifting technique, simulation of the difference of the recovered phase map and the reference phase map generated assuming the ideal surface profile, and the unwrapping of the phase difference data and calculation of the resulting surface slope profile map. The resolution of the deflectometry method depends on careful calibration of the distances between the monitor, the surface under the test, and the camera, and a careful calibration of the fringe pattern as generated on the monitor screen.
The monitor gray scale function was calibrated and the gray scale range used for the generation of the fringe patterns was shortened to ensure the function linearity. It was found that the gray shade is not uniform over the monitor screen. The influence of this effect on the quality of the fringe pattern was reduced by the use of an averaged gray scale for each monitor pixel. The central part of the screen where the deviations of the gray scale are minimal will be used for generation of the fringe pattern.
The deflectometer tests will be performed in the near future using an optical flat sample. A few phase unwrapping algorithms will be tested to define the optimal for our monitor-camera configurations. Then we will proceed with measurements of full shell x-ray optics samples.
